ABSTRACT
Sub-cooled flow boiling was investigated over nanostructured plate (of dimensions 20mmx20mm) integrated to a rectangular channel (of dimensions 33mmx9mmx33mm) at flow rates ranging from 69 ml/min to 145 ml/min. The configuration of the nanostructured plate includes ~600 nm long copper nanorod arrays with an average nanorod diameter of ~150 nm. The nanorod arrays are integrated to copper thin film (~300 nm thick) coated on silicon wafer surface and GLAD (Glancing Angle Deposition) technique was implemented to form the nanostructure configuration. The dimensions and flow rates were chosen to ensure that no change in the nanostructure configurations occurred during the experiments so that the configuration could be used for many experiments. For this, applied heat fluxes (<42 W/cm2) were adjusted in such a way that the wall superheats did not exceed 30ºC to avoid any damage on nanostructures. Deionized-water was propelled with a gear pump into the rectangular channel over plates with both plain and nanostructured surface, which were heated with cartridge heaters. Forced convective boiling heat transfer characteristics of the nanostructured plate is investigated using the experimental setup and compared to the results from the plate with plain surface. A significant increase in boiling heat transfer was observed with the nanostructured plate. In the light of the obtained promising results, channels with nanostructured surfaces were proven to be useful particularly in various applications such as cooling of small electronic devices, where conventional surface enhancement techniques are not applicable. 
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Symbol Description
INTRODUCTION
In the design processes of small scale mechanical and chemical devices one of the key issues of saving energy and achieving compact designs is the enhancement of heat transfer [1] . In the design of heat exchangers for spacecrafts, automobiles, MEMS (Microelectromechanical) devices and micro-processors, it is crucial that heat exchangers are kept compact and lightweight [2] . For the purpose of making compact and efficient heat exchangers, heat transfer enhacement with nanostructures can be considered as a futuristic candidate particularly for small sizes, where conventional surface enhancement techniques would not be applicable.
Recently, many studies were performed for enhancing convective heat transfer by enlarging the transfer surface using extended surfaces like fins and ribs [1, [3] [4] [5] . These modifications enlarge the heat transfer surface area and provide high heat transfer rates, but their drawbacks are increased friction factor and unwanted pressure drops. Using pin-fin structures causes pressure losses, which is a significant problem in many thermo-fluid applications and designs [1] . Such pressure losses occur because of the additional flow resistance imposed by pin-fins.
To achieve positive effects on heat transfer coefficients with diminishing length scale and high heat transfer performance due to enhanced heat transfer area, nanostructured surfaces were used in more recent studies [6, 7] . The main focus of these studies are utilizing nanostructured surfaces for improving boiling heat transfer. Singh et al. obtained an increase of 30-80% in nucleate flow boiling heat flux using multi walled carbon nanotubes (MWCNTs) and achieved even higher enhancement of 112-180% at boiling incipience heat flux [8] . Hendricks et al. showed that enhancements up to ten times in heat transfer coefficients and up to four times in critical heat flux are achievable using nanostructured surfaces compared to bare Al surfaces [9] . As an advantage of nanostructured surfaces, dramatic reductions in boiling inception temperatures [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and capability of such surfaces in decreasing the contact angle and increasing wettability in boiling applications [13, 15, 16, 18, 20] are reported in the literature.
Boiling heat transfer performance enhancement attained using nanostructured surfaces are often attributed to 1) increased bubble departure frequency [9, [21] [22] , 2) increased nucleation site density [22] [23] [24] , 3) enhanced surface wettability [25] [26] , 4) enhanced heat transfer area [24] [25] introduced by nanostructures. Moreover, overall enhancement achieved through nanostructures is also dependent on many variables such as the dimensions of the individual nanorods, porosity of the nanostructured surface, tilting angle [27] and distribution of the nanorods on the surface (e.g. random or periodically aligned nanorods), and these variables must be individually studied in order to have a better understanding about the enhancement mechanisms.
This paper focuses on the effect of utilizing nanostructures on the enhancement of boililng heat transfer so that their potential in performance enhancement could be exploited from a different perspective. For this purpose, nanostructured plate integarated into a rectangular channel was utilized. The nanorod configuration consisted of vertical copper nanorods of length ~600nm and average diameter ~150nm with an average gap among the nanords ranging from ~50 to 100nm, which were integrated to copper thin film (300 nm thick) deposited on silicon substrate with a thickness of 400 μm. Heat transfer coefficients obtained from the nanostructure configuration were compared to plates with plain surface,which consisted of 600 nm thick Cu thin films deposited on Silicon wafer. The effects of nanostructure configuration on boiling heat transfer was discussed.
OVERVIEW ON NANOSTRUCTURED PLATES
The glancing angle deposition (GLAD) technique is a physical self-assembly growth technique that can provide a novel capability for growing 3D nanostructure arrays with interesting material properties such as high electrical/thermal conductivity and also reduced oxidation compared to the polycrystalline films [28] [29] [30] [31] . It is a simple and single-step process that offers a cost and time efficient method to fabricate nanostructured arrays of almost any material in the periodic table as well as alloys and oxides. The GLAD technique uses the "shadowing effect," which is a "physical self-assembly" through which some of the obliquely incident atoms may not reach certain points on the substrate due to the concurrent growth of parallel structures. Due to the statistical fluctuations in the growth and effect of initial substrate surface roughness, some rods grow faster in the vertical direction. Due to their higher height, they capture the incident particles, while the shorter rods get shadowed and cannot grow anymore. This leads to the formation of isolated nanostructures. The shadowing effect can be controlled by adjusting the deposition rate, incidence angle, substrate rotation speed, working gas pressure, substrate temperature, and the initial surface topography of the substrate.
Nanostructure Deposition
The schematic of the custom-made GLAD experimental setup in the present study is shown in Fig.1 . For the fabrication of vertically aligned Cu nanorod arrays, the DC magnetron sputter GLAD technique is employed. Cu nanorods were deposited on the native oxide p-Si (100) substrates (2 cm 2 ) using a 99.9% pure Cu cathode (diameter about 7.6 cm). The substrates were mounted on the sample holder located at a distance of about 12 cm from the cathode. During the growth, the substrate was tilted so that the angle θ between the surface normal of the target and the surface normal of the substrate is 87 o . The substrate was attached to a stepper motor and rotated at a speed of 2 rpm for growing vertical nanorods.
Fig. 1 A schematic of the glancing angle deposition (GLAD) technique used for the fabrication of vertical nanorod arrays
The depositions were performed under a base pressure of 5 x 10 -7 Torr which was achieved by utilizing a turbo-molecular pump backed by a mechanical pump. During Cu deposition experiments, the power was 200 W with an ultrapure Ar working gas pressure of 2.5 mTorr and the maximum temperature of the substrate during growth was below ~85 o C. The deposition time of GLAD deposited Cu nanorods was 75 min. For comparison purposes, conventional smooth Cu thin film samples (i.e. "plain surface" configuration) were also prepared by normal incidence deposition (θ = 0 o ) with a substrate rotation of 2 rpm. Deposition rate of the vertical nanorods was measured utilizing quartz crystal microbalance (Inficon-Q-pod QCM monitor, crystal: 6 MHz gold coated standard quartz) measurements and cross-sectional scanning electron microscopy (SEM) image analysis to be about 8.6 nm/min. The SEM unit (FESEM-6330F, JEOL Ltd, Tokyo, Japan) was used to study the morphology of the deposited nanorods. The top and side view SEM images of Cu nanorods are shown in Fig. 2 in which an isolated columnar morphology can be seen. However, for the conventional Cu film deposited at normal incidence, its surface was observed to be flat as indicated by the SEM images (not shown here). At early stages of GLAD growth, the number density of the nanorods was larger, and they had diameters as small as about 5-10 nm. As they grew longer and some of the rods stopped growing, due to the shadowing effect, their diameter grew up to about 150 nm. The average height of the individual rod was measured to be about 600 nm and the average gap among the nanorods also changed with their length from 5-10 nm up to 50-100 nm at later stages. As can be seen from Fig. 2a , the top of the vertical nanorods has a pyramidal shape with four facets, which indicates that an individual nanorod has a single crystal structure. This observation was confirmed by previous studies [24] [25] [26] which reported that individual metallic nanorods fabricated by GLAD are typically single crystal. Single crystal rods do not have any interior grain boundaries and have faceted sharp tips. This property will allow reduced surface oxidation which can greatly increase the thermal conductivity, robustness, and resistance to oxidation-degradation of our nanorods in the present study. 
EXPERIMENTAL SETUP AND PROCEDURE
Experimental Apparatus
The test section is shown in Fig. 3 . The test section has a base of dimensions 25 mmx60 mmx5 mm made of Aluminum for its high machinability and thermal conductivity. On top of the aluminum base, the nanostructured plate is placed and the top side is sealed with a Plexiglas top which has poor thermal conductivity in order to minimize heat losses. Therefore, the resulting structure could also be regarded as an isolated rectangular channel heated from its lower surface. The aluminum base features housing for four cartridge heaters, each of length 31.25 mm and of diameter 6.25 mm, which is surrounded with air gaps on all sides to minimize heat loss in order to provide the desired heat load. The heaters are treated with thermal grease to minimize the thermal contact resistances. The whole setup is then sealed to avoid any leakages. There is an inlet and an outlet port of the channel drilled into the Plexiglas top from which water could be delivered to the channel.
The heat generated by cartridge heaters is delivered to the plain surface/nanostructured plates over which water flows in a rectangular channel. The heaters and the nanostructured plate are treated with high quality silicone thermal grease in order to minimize thermal contact resistances and heat losses. Water is driven through a precisely controlled micro gear pump and surface temperatures are obtained along with constant heat flux applied to the system. Flow rates are measured using an Omega rotameter integrated to the system. Two thin wire (76 µm thick) Omega thermocouples are placed on the surface of the heater and to the inlet for accurate measurement of the fluid and surface temperatures. Experimental data is gathered under steady state conditions and pressures, heat flux and surface temperatures are acquired through the data acquisition devices.
Experimental Procedure
De-ionized water is used as the working fluid in the experiments. During the experiments, the flow rate is fixed at the desired value by controlling a Cole Parmer gear pump. It is made sure that temperatures and pressure values obtained from the Labview® interface do not significantly change with time so that experiments could be performed after steady flow conditions are reached. The power is increased in small increments (~5 %) until wall superheats reached 30 º C to avoid any damage on nanostructure uniformity due to excessive overheating.
The current/voltage, inlet pressures and temperatures are acquired under steady state conditions with appropriate sensors (Omega thermocouples, Omega pressure transducer, Agilent voltmeter, Cole Parmer flow meter). This procedure is repeated for different flow rates and different plate configurations. Each test is repeated for three times, and it is observed that the data were reproducible. Average experimental values of three measurements are included as experimental data in the manuscript.
To estimate heat losses, electrical power is applied to the test section after evacuating de-ionized water from the test loop. Once the temperature of the test section becomes steady, the temperature difference between the ambient and test section is recorded with the corresponding power so that the power versus temperature difference profile is generated to calculate the heat loss associated with each experimental data point, and a heat loss calibration curve was obtained. Accordingly, heat losses are utilized to find the net applied power for each data point.
Fig. 3 Test section of the experimental setup and thermocouple locations
Data Reduction
Constant heat flux input, q", to the system is obtained from
Flow Direction where P is the power input supplied to the section from the beginning of heated region to the location of thermocouple, Q loss is the thermal and electrical power loss and A is the heated area of the plate. The surface temperatures are calculated by considering thermal contact resistances from the thermocouple to the surface of the nanostructured plate.
where T th is the thermocouple temperature reading and R tot is the total thermal resistance from the thermocouples to the surface of the nanostructured plate. R tot is calculated by
where R Al is the thermal resistance caused by Aluminum part between the heater and the tested plate, R tg is the thermal resistance caused by thermal grease applied to the heater surface and to the surface between the Aluminum base and the tested plate and R plate is the resistance of the tested plate. The average of the surface temperatures are taken to obtain the average surface temperature T s . The heat transfer coefficient, h, is then calculated by
where T s is the surface temperature and T f is the bulk fluid temperature at the thermocouple location and is given as
where T f is the exit fluid temperature, is the mass flow rate, T i is the inlet fluid temperature and c p is the specific heat of water. Nusselt number, Nu, is extracted from
where H is channel height and k is the thermal conductivity of the fluid. The flow velocity, u, is expressed as = (7) where is the flow rate of the water and is the channel crossectional area. Reynolds number, Re, is given as
where is the kinematic viscosity of the working fluid. Since developing flow conditions are present in the current study due to small heating length (3.3 cm), Graez number is necessary to obtain theoretical Nusselt numbers and is expressed as
The channel height was selected as the length scale for Nusselt and Graez numbers to compare experimental Nusselt numbers to the theoretical Nusselt numbers recommended for developing flows between parallel plates. Since heat is provided to only one side to the channel through the plates with plain and nanostructured surfaces, flow between parallel plates case (heated from one plate) matches with the experimental conditions in the current study. Two-phase heat transfer coefficient was obtained using the applied heat flux:
where h tp is two-phase heat transfer coefficient and T sat is saturation temperature. Local mass quality was deduced based on energy balance:
where x th is thermocouple location, is mass flow rate, c p is specific heat, T i is inlet temperature, and h fg is latent heat of vaporization. EES® Software is used to reduce the experimental data to the desired above mentioned parameters in the current study.
Uncertainty Analysis
The uncertainties of the measured values are given in Table 1 and are derived from the manufacturer's specification sheet while the uncertainties of the derived parameters are obtained using the propagation of uncertainty method developed by Kline 
RESULTS & DISCUSSION
Single-phase Heat Transfer
The surface temperatures in the single-phase region and single-phase heat transfer coefficients are displayed in Figs. 4a and 4b. As can be seen from Fig. 4a , the surface temperature becomes lower at higher flow rates for fixed heat flux as expected. Moreover, since the distance between the thermocouple location and the beginning of the heated section is rather short (1 cm), thermally developing flows are present during the experiments. In the current study, the thermally developing lengths for G=3.85, 5.98 and 8.1 kg/m 2 s are 3.5 cm, 7.1 cm, and 15.74 cm (according to the conventional theory), respectively and larger than the distance between the beginning of the heated region and thermocouple location. As a result, higher heat transfer coefficients can be observed at higher flow rates due to developing flow effects. Experimental Nusselt numbers are included in Fig. 4c as a function of Graez number. Theoretical predictions suggested by Shah and London [36] for the flow in parallel plates with one sided heating are also included in Fig. 4c to provide a reference for comparison between experimental and theoretical results. As seen from Fig. 4c , an overlap is present between the curve including theoretical results for Pr=0.7 and 10 and experimental values suggesting a reasonable agreement. This also provides a validation for the experimental results. The acquisition of wall superheats is initiated when boiling inception is observed in the light of flow visualization thanks to the transparent cover of the test section. As seen from Fig. 5 , the nanostructured plate significantly decreases the boiling inception temperature compared to the plain surface. In addition, the rise in the surface temperature with applied heat flux is suppressed with the introduction of the nanostructure. The reason could be explained by the increase in heat transfer area and the number of active nucleate sites so that more bubbles would emerge during boiling from the nanostructured surface and promote boiling heat transfer, which leads to facilitate heat removal from the surface of the plate and stabilization of the surface temperature. In Fig. 6 , boiling heat transfer coefficients are plotted against applied heat flux. Higher heat transfer coefficients are apparent for higher mass fluxes at fixed heat flux values. A strong dependence of heat transfer coefficients on mass flux can be observed, which is related to sub-cooled boiling conditions in the current study. In sub-cooled boiling, boiling heat transfer is a sum of single-phase and nucleate boiling effects. Single-phase part is mass flux dependent and is not negligible in the partial boiling region, whereas the nucleate boiling component is wall superheat dependent and mass flux independent and becomes dominant in the fully developed boiling region. The strong mass flux dependence in this study suggests that partial boiling plays an important role. The lack of change in the boiling curve trend and relatively short heated length corresponding to the thermocouple location bolster this conclusion. A significant enhancement in boiling heat transfer is remarkable with nanostructure and is in agreement with the previous experimental studies on nanostructured surfaces [31] .
For pool boiling, significant enhancements in boiling heat transfer were reported in the literature [7, 28] . Vertical nanorods act as pin fins that increase the surface roughness. Moreover, they can generate more bubbles by increasing the number of active nucleation sites, which is accomplished by multiple nanorods acting together to offer more hot spots for bubble nucleation due to their interconnected configuration. Although the spacing between two adjacent nanorods is lower than the critical active nucleate size in the theory [37] , the increased spacing due to interactions of multiple nanorods with each other would reach the critical size thereby offering more active nucleate sites. Boiling heat transfer coefficient shows a similar trend as heat flux for all the configurations as shown in Fig. 7 , which could be attributed to partial boiling effects. Boiling heat transfer enhancement obtained from nanostructured surface (Fig. 8) in the current study is in agreement with the in the literature [8] [9] [10] . The average heat transfer enhancement obtained using the nanostructured plate (considering all three flow rates) is 180%. It should also be kept in mind that there is a large room for optimization of the nanostructure configuration in terms of nanorod height, length, spacing, and arrangement, which would enable the potential of much larger boiling heat transfer enhancements.
CONCLUSION
In this study, sub-cooled flow boiling was investigated over nanostructured plates of 20 mmx20 mm integrated to a rectangular channel at different flow rates under laminar flow conditions. The nanostructured plate features ~600 nm long copper nanorod arrays with an average nanorod diameter of ~150 nm. It was observed that no damage and disturbance in the structural integrity of nanostructure was evident during the experiments, where maximum wall superheat was fixed at 30 º C. Major conclusions of this study can be summarized as follows: -Nanostructure is successful to significantly enhance boiling heat transfer. -A strong dependence of heat transfer coefficients on mass flux can be observed for every configuration.
-With the optimization of the nanostructure configuration in terms of nanorod height, length, spacing, and arrangement, bigger enhancements in boiling heat transfer would be possible. 
